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The LHCb experiment
Single arm spectrometer focused on physics of b and c
hadrons
Also general purpose forward detector
Strengths are precise tracking and particle identification
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Luminosity beyond Run 2

Currently over 5 fb−1

L = 4×1032 cm−2 s−1

Usually one p–p
interaction

Goal – collect 50 fb−1 in
Runs III and IV
Higher luminosity
L = 2×1033 cm−2 s−1

More interactions per
crossing
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Limitations

Hardware trigger limits
exploitation of that data

Rate of 1.1 MHz
Sub-detectors will struggle

Radiation damage
Increased occupancy

Upgrade strategy

LHC will increase luminosity

Level-0 hardware trigger very efficient for
dimuon events

for hadronic channels trigger yield saturates
with increasing luminosity

detectors will start to degrade because of
radiation

physics programme limited by the detector

Strategy:

remove 1MHz L0 bottleneck

increase readout rate to 40MHz

fully software trigger

run at L ∼ 2 × 1033cm−2s−1

need to cope with pile up

need to cope with high
occupancy and higher
radiation

new detector front-end
electronics

⇒ upgrade detector during LS2

LHC era HL-LHC era
Run #
(year)

Run 1
(2010-12)

Run 2
(2015-18)

Run 3
(2021-23)

Run 4
(2025-28)

Run 5+
(2030+)

Integrated
luminosity 3 fb-1 8 fb-1 23 fb-1 46 fb-1 100 fb-1

LHCb up to LS2 after LHCb upgrade

6 / 28

Some states don’t benefit from
increasing luminosity
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Under construction
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Expression of interest

8 fb−1 50 fb−1 300 fb−1?
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Physics case
Two examples

Key measurements improve even through Phase II
New channels open up

(a) (b)

Figure 2.1: Electroweak penguin studies at the Phase-II Upgrade. (a) P 0
5 vs. q2, showing the LHCb

Run-1 results [25] and those of a simulated experiment with 300 fb�1, assuming the same central values.
The SM predictions, with the currently assigned uncertainties, come from Ref. [33]. (b) significance
of the measured values of S5 and S6, quantifying lepton-universality violation in B0 ! K⇤µ+µ� and
B0 ! K⇤e+e� decays, as a function of sample size, assuming a NP scenario defined in Ref. [34]. The
correspondence with the di↵erent running periods of LHCb is indicated, as is the expected performance of
Belle II.

based on that presented in Ref. [34], showing the significance of the measurement of the observable
D5, which is closely related to the di↵erences in behaviour for P 0

5 between muon and electron
modes, and is expected to be vanishingly small in the SM. Also shown is the significance on
the measurement of the observable D6, again very close to 0 in the SM. The generated values
for D5 and D6 are set to non-zero NP numbers compatible with current constraints [34]. The
expected significances are shown as a function of B0 ! K⇤e+e� sample size. Also indicated is
the correspondence between the sample size and the running period of LHCb, as extrapolated
from Run-1 measurements [28] and taking no account of possible improvements to the ECAL
during Phase II. For this NP scenario, and for many others with smaller lepton-universality
violating contributions, the Phase-II Upgrade will be required to observe a clear e↵ect.

Similar arguments hold for studies of b ! dl+l� transitions, albeit with lower statistical
precision, as may be illustrated with a few examples. The angular analysis of the b ! dl+l�

decay B0
s ! K⇤0µ+µ� with the data sample collected by the Phase-II Upgrade is expected to

become more precise than the Run-1 result for the b ! sl+l� process B0! K⇤0µ+µ�, enabling
a powerful comparison between di↵erent flavour transitions. A time-dependent analysis will
become feasible for the mode B0 ! ⇢0µ+µ�. The large sample sizes, coupled with the improved
⇡0-reconstruction that is foreseen from an upgraded ECAL (see Sec. 4.3.3), will allow for isospin
tests in B ! ⇢µ+µ� and B ! ⇡µ+µ� decays.
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Uncertainty on τ/µ ratio in
semileptonic decays
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New detectors

+ Upgraded electronics
and trigger

New photodetectors

Removed
components

The big picture
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Trigger and readout
Linchpin of the upgrade

Remove hardware trigger
Software only trigger
Online calibration
Higher rate to storage

30 MHz inelastic event rate 
(full rate event building)

Software High Level Trigger

2-5 GB/s to storage

Full event reconstruction, inclusive and 
exclusive kinematic/geometric selections

Add offline precision particle identification 
and track quality information to selections

Output full event information for inclusive 
triggers, trigger candidates and related 
primary vertices for exclusive triggers

LHCb Upgrade Trigger Diagram

Buffer events to disk, perform online 
detector calibration and alignment
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Trigger performance

Essential that “fast”
reconstruction step also
performant
Tracking efficiency
Low “ghost” rate of 5.6% in
fast stage
Vertex resolution also good

Upgrade trigger: Biannual performance update Ref: LHCb-PUB-2017-005
Public Note Issue: 1
2 Reconstruction Sequence Date: February 23, 2017

2.6 Performance Update

In light of the changes described in the previous section to both the simulation and the reconstruction
algorithms the overall performance of the reconstruction must be quantified. We describe here the
studies to-date:

2.6.1 PV resolution

The PV resolution is strongly correlated to the number of tracks associated to the vertex, N , and can be
described using the function:

�(N) =
A

NB
+ C (1)

where A, B, C denote free parameters. Figure 3 shows the PV resolution comparison between Run II
and Upgrade simulation samples. Overall, a better resolution is found for the Upgrade sample.
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Figure 3: Comparison between the PV resolution in x, left, and z, right, measured in Run II and Upgrade Monte
Carlo samples. The solid orange (blue) line corresponds to Run II (Upgrade). The resolution is parameterized by
Eq. 1, and the result of the fit is indicated in the plot.

2.6.2 Ghost probability performance

The performance of trained ghost probability is studied by calculating the signal efficiency and ghost
track rejection efficiency. The signal efficiency and ghost rejection efficiency for each track type are
shown in Fig 4. For long tracks, with 70% ghost rejection, the signal efficiency is around 95%, which is
degraded with respect to the signal efficiency at the same ghost rejection in Run-2, where the efficiency
is 99%. This is expected to improve with further study.

2.6.3 Track reconstruction efficiencies

Table 1: Track reconstruction efficiencies and ghost rates of the fast and best stages as compared to the trigger
TDR. The best stage efficiencies and ghost rates are shown for several values of the ghost probability requirement.

Trigger TDR Fast stage Best Stage
Ghost probability < 0.9 < 0.75 < 0.3 < 0.1
Ghost rate 10.9% 5.6% 18.8% 15.2% 7.8% 4.2%
long 42.7% 42.9% 91.1% 90.8% 88.2% 84.3%
long, from B 72.5% 72.7% 94.8% 94.6% 93.1% 90.6%
long, from B, pT > 0.5GeV 92.3% 92.5% 96.5% 96.4% 95.4% 93.6%
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Primary vertex resolution
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Vertex Locator (VELO)

Closest to collision point
New silicon pixel detector
Sensors start 5.1 mm from beam

LHCb-TDR-013 M. Rudolph 10 / 17



Upstream Tracker

4 plane silicon strip tracker
No acceptance gaps
Get close to beam with
circular cutout
Fine segmentation in inner
region

66.8 mm 

13
38

 m
m

 

1528 mm 

1719 mm 
UTbX 

UTaU 

UTbV 

UTaX 

Y 

X 
Z 

512 strips 
Type A 

1024 strips 
Type B 

1024 strips 
Type C 

1024 strips 
   Type D 
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SciFi

Scintillating Fiber
Tracker
250 µm fibers
Almost 340 m2 area

Half-panel

Endplug

8 fibre mats

with endpieces
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Velo performance
Critical for

Vertex finding
Lifetime resolution
Impact parameter
resolution
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Tracking performance

Maintain efficiency with
more pile-up
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RICH upgrades
Ring Imaging Cherenkov detectors

Improved resolution
Adjust optics of RICH1 for occupancy
New 64 ch. Multi-Anode PMTs

the PD plane is (2.50±0.12)� and the median magnification is (1.90±0.02) mm/mrad. The space
available behind the PD plane for the PD assembly is about 270mm. The photon trajectories
for several simulated tracks in the initial optimisation procedure are shown in Fig. 2.21.
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Figure 2.21: Simulated Cherenkov photons in the upper half of the upgraded RICH1; (a) 3D
view, (b) 2D view in the vertical plane.

Table 2.6: Geometrical data of the re-optimized RICH1 optics. The points P (n) are shown in
Fig. 2.20.

Centre of the spherical mirror z = �1640 (mm) y = +978 (mm)

Point 1 z = +2032 (mm) y = 0 (mm)

Point 2 z = +2145 (mm) y = +640 (mm)

Point 3 z = +1320 (mm) y = +337 (mm)

Point 4 z = +1100 (mm) y = +1189 (mm)

Point 8 z = +1695 (mm) y = +1492 (mm)

Axis of the spherical mirror: angle with respect to the beamline. 10.0�

Normal of the plane mirror: angle with respect to the beamline. 14.5�

Normal of the PD-plane: angle with respect to the beamline. 58.8�

PD-Assembly: x-size (full geometrical acceptance) ⇡ 1380 mm

PD-Assembly: size in the y � z plane (full geometrical acceptance) ⇡ 630 mm
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Table 2. Parameters of the distributions of the number of hits for events with one, two and three tracks
associated.

Nhits, 1 track Nhits, 2 tracks Nhits, 3 tracks

PMT Mean RMS Mean RMS Mean RMS

PMT A 3.93 3.31 6.78 4.17 8.71 3.90

PMT B 3.58 3.20 6.31 4.06 8.17 4.53

PMT C 4.70 3.68 7.35 4.29 8.34 2.80

PMT D 4.50 3.89 7.26 4.70 8.47 3.98

Figure 20. The fitted ring superimposed to the integrated events. The figure shows the superimposition of
two di�erent runs taken with the ECs shifted in the vertical direction in order to illuminate di�erent pixels of
the MaPMTs.

the pixel. The fitted ring superimposed to the real data is shown in figure 20 for two di�erent
runs. A radius of R = 60.5 mm and an RMS of 0.5 mm, compatible with the values expected from
simulations, are obtained.

The second procedure is based on fits to single events: each event is fitted independently. The
ring centre coordinates (x, y) and the radius are the free parameters of the fit. The hit position is taken
as the centre of the pixel with an error given by the pixel size. For each event the distance between
pixel centre and ring is minimised. A fit for a single event is shown in figure 21. Distributions of
the centre coordinates and of the radius extracted from the single event fits are reported in figure 22.
The vertical coordinate of the ring centre is less constrained in the fit due to the fact that the ECs are
positioned close to the horizontal axis. For this reason, the distribution of the vertical coordinate of
the ring centre shows a larger RMS compared with that of the horizontal coordinate.

The mean value of the radius of 60.3 mm and the sigma of the distribution �R = 0.5 mm are in

– 18 –

LHCB-TDR-014, JINST 12 P01012 (2017) M. Rudolph 15 / 17



Phase 2 upgrades
Beyond Run 4

Increased occupancy and radiation a major challenge
Major additions under consideration:

Tracking chambers inside magnet
Timing upgrades and TORCH downstream time-of-flight
New EM calorimeter

Figure 4.1: Schematic side view of the Phase-II detector.

within the LHCb acceptance from the initial interactions alone. These high multiplicities lead to
challenging conditions for track and vertex reconstruction. Using the Phase-I Upgrade VELO
detector design as a baseline, the performance of a number of potential modifications to the
detector geometry and materials has been evaluated at the proposed Phase-II luminosity, and their
e↵ects on the final physics performance studied using full Monte Carlo simulations. Figure 4.2
summarises the tracking performance of the baseline (Phase-I) design under luminosities expected
in the Phase-I and Phase-II Upgrade eras. The mean rate of reconstructing ghost tracks in the
VELO alone from spurious hit combinations increases dramatically from 1.6% to 40% for the
increased luminosity, even after tight track-quality requirements are imposed to limit the rate of
these ghosts. There is a corresponding reduction in tracking e�ciency, with the integrated value
within the LHCb acceptance falling from ⇠99% to ⇠96%. There is also a modest degradation in
the impact parameter (IP) resolution, driven by the e↵ect of the lowered tracking e�ciency on
the primary vertex (PV) resolution.

These losses in performance can be almost entirely recovered with a small number of design
improvements. Most notably, by decreasing the pixel pitch from 55 µm to 27.5 µm and reducing
the sensor silicon thickness from 200 µm to 100 µm, the ghost rate can be reduced back down to
2% while retaining a tracking e�ciency of 96%, to choose one working point. Another potential
design improvement would be the reduction of material. In the current and Phase-I Upgrade

21
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Conclusions

LHCb phase I upgrades to leverage increased luminosity
Set to install during LS2 2019-2020

Full software trigger
Readout full rate
Online calibration

New tracking detectors to improve performance even with
increasing pile-up
Improvements to RICH resolution
Enables data taking to greatly extend sensitivity to new
physics
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